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Abstract 
Demand for diminishing edge roll off of workpiece has rapidly increased, particularly in polishing silicon wafers as the substrates of the 
semiconductor devices and glass disks as the substrates of magnetic media disks. In general, the usage of harder polishing pads is thought to be 
very effective in achieving the high surface flatness of the workpiece edge. Then the hardness, especially the rubber hardness of the polishing 
pads is widely measured as one of the most important pad specifications in practical processes. However, it has not been clarified whether the 
edge surface flatness can be estimated by the current rubber hardness tests. Then, based on the elastic contact theory, the polishing pad property 
which influences the surface profile near the edge was investigated and, as a result, it was found that the usage of the indenter with a diameter 
of 20 mm or above could estimate the obtained edge surface flatness appropriately in indentation tests such as rubber hardness tests. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the International Scientific Committee of the 6th CIRP International Conference on High 
Performance Cutting. 
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1. Introduction 
In the semiconductor industry, improving the integration 
density and the productivity of the devices is constantly 
required. For increasing the integration density, the line pitch 
of the semiconductor pattern has been shrinking, which 
requires the decrease in the depth of focus margin in 
lithography process. Therefore, silicon wafers as the starting 
materials of the devices are strongly required to have 
extremely high surface flatness [1,2]. Furthermore, wafer 
sizes have been increasing so that more devices can be 
produced from a single wafer [1,2], thus resulting in 
considerable increase in productivity and economic efficiency. 
In addition, with increasing wafer diameter, the number of 
device chips located at the wafer periphery increases 
dramatically. 
However, the surface flatness significantly deteriorates 
near the wafer edge, namely, the edge roll off occurs in 
polishing process as the final stage of the wafer 
manufacturing [1,3]. Therefore, the edge exclusion region is 
set on the wafer periphery, where the device chips cannot be 
manufactured. The value of the region is highly critical for the 
yield of the devices, and then improvement of the edge 
surface flatness is strongly demanded for the wafer polishing 
[3-5]. 
In general, the usage of harder polishing pads is thought to 
be very effective in achieving the high surface flatness of the 
workpiece edge. Then the hardness, especially the rubber 
hardness of the polishing pads is widely measured as one of 
the most important pad specifications in practical processes. 
However, it has not been clarified whether the obtained edge 
surface flatness can be estimated by the current rubber 
hardness tests. 
In this study, based on the elastic contact theory, the 
polishing pad property which influences the surface profile 
near the workpiece edge was investigated. On the basis of the 
results, the rubber hardness test method for estimating the 
surface flatness near the edge was proposed. 
© 2014 Published by Elsevier B.V. Open access under CC BY-NC-ND license. 
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2. Polishing pad properties that determine edge surface 
flatness of workpiece 
2.1. Polishing factors that influence obtained edge surface 
flatness 
Polished surface profiles (the material removal rate profiles 
on the workpiece surface) are basically proportional to the 
contact stress distribution on the surface assuming uniform 
velocity distribution under the polishing conditions generally 
adopted in wafer manufacturing. Thus, the edge roll off is 
considered to be generated by the significant increase in the 
contact stress at the edge [3-8]. 
Based on the elastic contact theory, polishing pads with 
small deformation are effective in suppressing the increase in 
the contact stress at the workpiece edge irrespective of the 
mechanical properties. In a previous study [9], the influence of 
the polishing pad deformation on the edge roll off was 
investigated, and it was clarified that the smaller the 
deformation of the polishing pads was, the higher the obtained 
edge surface flatness was independently of the types of the 
pads. Here, the pad deformation means the settlement of 
workpiece at the surface of the pad. Thus, the settling amount 
of workpiece is a dominant factor for obtained edge surface 
flatness. 
To confirm the above findings, polishing experiments were 
conducted on silicon wafers under the conditions of different 
polishing pressure using a single-sided polishing machine 
(Lapmaster Corp., LP-15F), as illustrated in Fig. 1. Table 1 
lists the polishing conditions. Before the experiments, the 
surface of the polishing pad was conditioned with a #170 
diamond disk. The obtained edge roll off was quantitatively 
evaluated by the roll-off amount (ROA), which is defined as 
the vertical displacement from the level line to the measured 
wafer profile at a position 1 mm from the wafer edge [10]. 
The level line was at 3-6 mm from the edge. 
ROA in the case of low polishing pressure was smaller than 
that in the case of high polishing pressure, as shown in Fig. 2. 
This confirmed that the smaller the settling amount of the 
workpiece was, the higher the obtained edge surface flatness 
was. 
2.2. Settling amount of workpiece at the surface of polishing 
pad 
Settling amount of workpiece at the surface of polishing 
pad as the key factor for obtained edge surface flatness is 
influenced by not only the polishing pressure but also the 
polishing pad property, concretely, the polishing pad 
deformation characteristics. When contact between workpiece 
and polishing pad is regarded as contact model between rigid 
plate and elastic body, the settling amount of the workpiece at 
the surface of the pad can be expressed by the following 
equation which is known in the elastic contact theory [11]: 
 
                                                                                             (1) 
 
where w is the settling amount of the workpiece, p is the 
polishing pressure, a is the workpiece radius, E is the Young’s 
modulus of the pad, and I is the settlement influence factor. As 
shown in Fig. 3, the value of I is determined by the ratio of the 
E
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Table 1. Polishing conditions. 
 
Polishing pad 
 
Diameter of pad 
Rotation of pad 
Workpiece 
Rotation of workpiece 
Polishing pressure 
 
Slurry 
 
Supply rate of slurry 
Nonwoven pad 
Nitta-Haas Inc. Corp., SUBA800 
420 mm 
40 rpm 
Silicon wafer 5” 
40 rpm 
High pressure : 13.4 kPa 
Low pressure :   7.3 kPa 
Colloidal silica (1 wt%) 
Fujimi Inc., GLANZOX-1302 (35 nm) 
25 mL/min 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Schematic of single-sided polishing process. 
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                    Fig. 2. Changes in ROA with accumulated removal.                 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                              Fig. 3. Settlement influence factor I. 
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pad thickness to the workpiece radius. The correlation curve 
between I and the ratio holds independently of the mechanical 
properties of the pad. From Eq. (1), it was found that the 
smaller the Young’s modulus of the pad (E) is or the larger the 
pad thickness is, the larger the settling amount of the 
workpiece (w) is, leading to larger edge roll off, in the case of 
polishing the workpiece with the same radius (a) under the 
same polishing pressure (p) irrespective of the types of the 
pads.  
The pad thickness commonly used in polishing silicon 
wafers is from 0.8 mm to 1.5 mm and the most common size 
of the wafers is a diameter of 300 mm. Considering the above 
pad thickness and wafer size, the value of I is almost constant 
irrespective of the pad thickness, as shown in Fig. 4 
(Workpiece radius 150 mm). Namely, the settling amount of 
the workpiece is nearly identical when using the polishing 
pads with different thicknesses in manufacturing process of 
silicon wafers. 
From the above investigation, it was found that the settling 
amount of the workpiece at the surface of the pad as the 
dominant factor for obtained edge surface flatness was not 
affected by the pad thickness in manufacturing process of 
silicon wafers. Then it is required to measure the deformation 
characteristics of the pad independently of the pad thickness 
in indentation or compression tests including rubber hardness 
tests for estimating the obtained edge surface flatness. 
 
3. Rubber hardness test method for estimating edge 
surface flatness  
3.1. Measurement of rubber hardness of polishing pads 
Rubber hardness test is widely used to measure the 
deformation characteristics of soft materials such as polishing 
pads due to the easiness of use. The usual measuring 
instrument is a spring loaded indentation device and the depth 
of an indentation in the material created by a predetermined 
force is measured. The resulting indentation is converted into 
a hardness value by means of a dial gauge. The test conditions, 
namely, the size and shape of the indenter and the allowed 
thickness of the measured materials are specified in the ISO, 
ASTM, JIS, and so on. 
In the case of measuring the rubber hardness of 
polyurethane polishing pads, ISO 7619 is generally adopted, 
where the radius of the indenter is specified to be 0.395 mm in 
the standard. From the investigation in the preceding section, 
it was found that the settlement influence factor (I) changes 
largely when the thickness changes from 0.8 mm to 1.5 mm in 
rubber hardness test (Fig. 4, Indenter radius 0.395 mm). This 
means that the measured rubber hardness is strongly affected 
by the pad thickness, contrary to the case of the manufacturing 
process of silicon wafers with a diameter of 300 mm.  
The rubber hardness test for commercial polyurethane 
polishing pads having different thickness was conducted to 
confirm the influence of the pad thickness on the measured 
hardness value. Table 2 confirms that the thinner the polishing 
pad is, the larger the value of the rubber hardness is, that is, 
the measured rubber hardness was strongly affected by the pad 
thickness. Then it was found that the obtained edge surface 
flatness cannot be estimated with the commonly used rubber 
hardness test method due to the small size of the indenter. 
Here, the thickness of measured materials is specified to more 
than 6.0 mm in the above standard and then the hardness is 
measured in the state that the multiple pads are stacked. 
However, recently it is strongly required that the rubber 
hardness of the pads is measured in the state closer to the 
manufacturing process, namely, in the state that a pad is 
pasted on a polishing plate.  
3.2. Investigation of rubber hardness test method 
The usage of the indenter with the same size as workpiece 
such as silicon wafer is expected to lead to estimate the 
obtained edge surface flatness presicely. However, utilizing of 
the indenter with large size makes it difficult to detect the 
initial contact with specimen precisely, because the surface of 
the indenter is difficult to be set in parallel to the specimen 
surface. Then, appropriate size of the indenter for estimating 
the obtained edge surface flatness was experimentally 
investigated using a micro universal tester (Shimadzu Corp., 
MST-I). 
Table 3 shows indentation testing conditions. Polishing 
pads with different thickness of 0.8 mm, 1.5 mm and 2.5 mm 
and indenters with different diameter of 0.5 mm, 2.5 mm and 
20 mm were used. Fig. 5 shows pressure-deformation curves. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Influence of workpiece radius and pad thickness on settlement 
influence factor I. 
Table 2. Rubber hardness of polishing pads having different thickness. 
 
Pad thickness mm 0.8 1.0 1.3 2.5 
Value of rubber hardness 73.6 70.2 66.5 64.1 
 
 
 
Table 3. Indentation testing conditions. 
 
Micro universal tester 
Diameter of indenter 
Indentation speed 
Shimadzu Corp., MST-I 
0.5 mm, 2.5 mm, 20 mm 
20 mm/min 
 
ی Pad thickness  0.8 mm   Workpiece radius  150 mm 
ی Pad thickness  1.5 mm   Workpiece radius  150 mm 
ڸ Pad thickness  0.8 mm   Indenter radius  0.395 mm 
ڸ Pad thickness  1.5 mm   Indenter radius  0.395 mm 
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In the case of using the indenters with small diameter of 0.5 
mm and 2.5 mm, the thicker the polishing pad is, the larger 
the deformation is (Figs. 5 (a) and (b)), namely, the pad 
thickness affected the measured deformation characteristics of 
the pad. On the contrary, the usage of the indenter with a 
diameter of 20 mm brought that the deformation 
characteristics were almost identical irrespective of pad 
thickness. This indicates that the usage of the indenter with a 
diameter of 20 mm or above allowed to estimate the obtained 
edge surface flatness.  
4. Conclusion 
The usage of polishing pads with small deformation is 
effective in decreasing edge roll off of workpiece. Therefore, 
the measurement of deformation characteristics of the pads is 
very important for estimating the obtained edge surface 
flatness. Then the appropriate measuring method of the 
characteristics was investigated based on the elastic contact 
theory. As a result, it was found that the current rubber 
hardness test method could not be adopted due to the small 
size of the indenter and the usage of the indenter with a 
diameter of 20 mm or above could estimate the edge surface 
flatness. 
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(a) Indenter diameter 0.5 mm                           (b) Indenter diameter 2.5 mm                           (c) Indenter diameter 20 mm 
 
Fig. 5. Pressure-deformation curves. 
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